Aims Rhodiola dumulosa is a perennial herb growing in a naturally fragmented habitat of high-mountain rocks. This research aims to (i) investigate the mating system characteristics and pollination biology of R. dumulosa, (ii) study the effects of ecological factors on the mating system and pollination biology of R. dumulosa and (iii) assess the relationship between its pollination and mating system.
INTRODUCTION
The mating system, the pattern in which gametes combine in plant populations, plays a fundamental role in determining the population genetic structure and evolution potential of a plant species and is closely related to inbreeding depression and genetic diversity (Barrett 2003) . Mating system studies concentrate on the measurement of outcrossing and selfing rates within populations (Barrett and Harder 1996) . The mating system of a plant species is influenced not only by environmental conditions, such as altitude, but also by some biotic factors, including self-incompatibility, floral design and display and population size (Agren 1996; Franceschinelli and Bawa 2000) .
Most plant species require animals as their pollen vectors because of their immobility, and a large proportion of pollination biology studies are ecologically focused (Barrett and Harder 1996) . Environmental variables, including altitude, ambient temperature, wind speed, relative humidity and light intensity, and demographic features of a plant species, such as population size, were closely interrelated with the available number and behavior of pollinators (Kelber et al. 2006; McCall and Primack 1992; Mitchell et al. 2004) .
Changes in pollination patterns should ultimately be reflected in mating systems and plants can govern their mating opportunities by manipulating the behavior of pollinators (Barrett 2003) . The proximity of massive flowers in a large display reduces the costs of pollinator flight, and therefore, large floral displays are more attractive than small ones; however, with larger displays, increased geitonogamous pollination cannot be avoided, and it provides little benefit because of the non-adaptive costs of pollen discounting in self-incompatible species and inbreeding depression in self-compatible species (Harder and Barrett 1995) . In addition to the individual plant attributes, population size also interacts greatly with its pollinators, through which the species may experience certain variations in its mating system (Routley et al. 1999) . Small populations seem to be less attractive to pollinators than large ones (Agren 1996) ; there should be fewer pollinators, and as a consequence, higher selfing, biparental inbreeding and correlation of outcrossed paternity (the probability that siblings shared the same father) eventually appear in smaller populations (Yates et al. 2007) .
Despite the fact that pollination profoundly influences the mating system, generating mating patterns by determining pollen dispersal among flowers, the relationship between pollination and the mating system has received little attention in studies of plant reproduction (Barrett 2003; Barrett and Harder 1996) . To date, only a handful of studies have assessed the impact of pollination on mating patterns (Franceschinelli and Bawa 2000; Lobo et al. 2005) . It is necessary to integrate the relationship between pollinators and plant mating systems to better understand the ecology and evolution of plant mating systems (Zhang and Jiang 2001) .
Rhodiola dumulosa (Crassulaceae) is a perennial herb with a disjunct distribution occupying discrete piles of rocks on high mountains. Some studies of high-mountain plants have stated that outcrossing rates should decrease with altitude (Garcia-Camacho and Totland 2009) because the hostile weather conditions limit insect abundance and activity (Kö rner 2003); however, very few studies have directly tested the outcrossing rate across the altitude range of a plant species (Wirth et al. 2010) . Previous studies of R. dumulosa have concentrated on its chemical composition (Liu et al. 2008) , with little focus on the mating system except for a study of the floral design and morphology by Mu et al. (2007) that did not present the relationship between the mating system and pollination or how the outcrossing rate changes along altitudinal gradients.
In this study, we investigated the relationships between pollination and the mating system of R. dumulosa and the potentially related ecological factors, and through this we also provide some information for the persistence of this species. First, we studied the pollination biology via pollinator observations in the field to determine the relationships between pollinator visitation and weather factors and population size. Then, we assessed the mating system of R. dumulosa by examining its self-compatibility and quantifying its mating system parameters. Finally, we evaluated relationships between mating system parameters and pollinator visitation rate and several other ecological factors, like altitude and population size.
MATERIALS AND METHODS

Study species and site
Rhodiola dumulosa is suggested to be a diploid (Uhl 1952) massflowering species with cymose inflorescences measuring 2-3 cm in diameter containing four to seven (typically five) white flowers. The flowering period is June to August, and fruiting occurs during the subsequent 2 months. Plants of R. dumulosa only grow in the crevices of rock piles at 1 600-3 900 m (Delectis Florar Reipublicae Populars Sinicae Agendar Academiae Sinicae Edita 1984). In June 2008, eight populations (populations A-H) separated by at least 1 000 m were sampled between 2 090 and 2 270 m, covering the main altitudinal range of R. dumulosa on Dongling Mountain, Beijing (39°48# ; 40°00# N, 115°24# ; 115°36# E; 2 303 m above sea level; Table 1 ) (Li and Chen 1999) . Four populations a Populations A, B, C and D were located in a tourist zone; populations E, F, G and H were in an undisturbed area. The studied populations were separated by ;2 000 m. Population size, determined by the distribution of the piles of rocks, was defined as the total number of individual plants in a population; number of sampled families, the number of plants sampled for allozyme marker analysis; number of individuals, the total number of seeds used for allozyme marker analysis.
were located on the west slope in the tourist zone (populations A-D), and four were on the east slope in an undisturbed area (populations E-H).
Flower visitation observations
To investigate the role of insect pollination in the mating system of R. dumulosa and the degree to which environmental conditions influence the visitation rate of pollinators, during the blooming period of June and July of 2008, we spent 3 days (29 June to 1 July 2008) from 9:00 to 17:00 observing pollinator behavior and determining the principal pollinator species and their peak hours of visitation. Members of four insect families, Parnassiidae (Lepidoptera), Apidae (Hymenoptera), and Calliphoridae and Syrphidae (Diptera), visited R. dumulosa. Insects visiting flowers of R. dumulosa were followed to the next flower they visited, and the most abundant visitors, namely, the syrphid Eristalis tenax and the bumblebee Bombus pyrosoma, visited other simultaneously flowering species at a much lower frequency than they visited R. dumulosa. Additionally, these two pollinator species had high re-visiting ratios. Other pollinators were much less frequent visitors and showed lower levels of activity. Eristalis tenax and B. pyrosoma were judged to be the principal pollinators. Individuals of both insect species were too large to enter the tiny flowers of R. dumulosa; nevertheless, the anthers were positioned slightly above the stigmas, which were almost at the top of a mature flower, and hence it is easy for insects to touch the sex organs when they crawl between inflorescences on a plant for 30 s on average. Almost the whole body of B. pyrosoma and the thorax and abdomen of E. tenax are covered with hair. When they visit flowers, the hairy legs, thorax and abdomen catch pollen grains and transfer them to the next flower visited. All insect specimens of these two pollinator species were collecting pollen from R. dumulosa. The peak visitation occurred between 12:10 and 14:40. We then conducted visitation observations in the eight populations during this 2.5-h period. We could not keep accurate track of each pollinator because of high visitation activity in the peak hours, so we concentrated on recording the number of visits of the two pollinators.
In each population, we recorded visitation rates of the two principal pollinators in five 30-min intervals for 10 randomly selected plants. Before each interval, the relative humidity, ambient temperature and light intensity were recorded. The numbers of inflorescences and flowers on the observed plants were counted, and visitation rates were calculated as the mean number of pollinator visits per flower per 30 min. Mean values of visitation rate of the principal pollinators, light intensity, relative humidity and temperature of each population were calculated for the correlation analysis. Relationships between visitation rate and population size, altitude and the weather factors were evaluated using Spearman's rank correlation. Visitation rates and each weather factor were compared between tourist sites and undisturbed sites with the Mann-Whitney U test. The relationships between number of inflorescences of the observed plant and pollinator visits and visitation rate were examined using generalized linear model, with population identity as a random factor. The number of inflorescences and pollinator visits were square-root transformed. All analyses were performed using SPSS 16.0 for Windows (SPSS Inc., Chicago, USA).
Self-compatibility tests
To test self-compatibility, following the pollen viability and stigma receptivity tests, we conducted hand-pollination experiments with plants from population A and examined pollen tube growth after self-or cross-pollination.
According to flower development and stage of anther dehiscence, we divided anthesis into four periods: budding time (petals were closed), early dehiscence (<50% of the anthers were dehisced), mid-dehiscence (all anthers dehisced) and post-dehiscence (all of the pollen had dispersed and the anther color had changed to black or brown). Stigma receptivity and pollen viability were tested separately in five flowers per phase using the method of Rodriguez-Riano and Dafni (2000) , and the percentage of staining stigmas and pollen was recorded. Following the viability tests, eight plants with 14 flowers each at anthesis were selected randomly for hand pollination. Seven of the 14 flowers were used for self-pollination and the remaining seven for cross-pollination. All unpollinated flowers in the same inflorescence were removed. In the self-pollination treatment, seven flowers from seven inflorescences on each of the eight plants were emasculated and bagged before the petals opened. When the stigmas were receptive, the flowers were hand-pollinated with pollen from other flowers on the same plant and bagged again. An identical method was used for cross-pollinations, except that pollen grains from a different plant were used. After 0.5, 1, 2, 4, 8, 12 and 24 h, pistils were collected and treated following steps described by Dafni (1992) . Pollen tube growth was observed with fluorescence microscopy (TIRF Zeiss microscope-Observer.Z1).
Mating system analysis
At the end of the growth season, on 25-26 August 2008, 20-30 plants at least 5 m from each other within each population were sampled from all eight populations. Out of all of the mature seeds of a sampled plant, 20-25 randomly selected seeds were used to assess the mating system parameters. According to Saint-Hilaire and Morgan (2009), endosperms are scant or absent in species of Crassulaceae. Some seeds of R. dumulosa were longitudinally cut and observed with a stereoscope, and no endosperms were found. Therefore, the whole tiny seeds were ground in the extraction buffer of Soltis et al. (1983) . Vertical slab polyacrylamide gel electrophoresis was performed, and enzyme staining protocols followed those of Wang (1996) and Wendel and Weeden (1989) . Four polymorphic loci were resolved from four allozyme systems: the dimers 6-phosphogluconate dehydrogenase (E.C.1.1.1.44), phosphoglucoisomerase (E.C.5.3.1.9) and malate dehydrogenase (E.C.1.1.1.37) and the monomer esterase (E.C.3.1.1.-). The genotypes were inferred based on the segregation pattern characteristics of either dimeric or monomeric codominant enzymes.
Mating parameters were calculated using MLTR version 3.0 (available from K. Ritland) at the population level. The program calculates maximum likelihood estimates of single-locus (t s ) and multilocus (t m ) outcrossing rates using the expectationmaximization method (Ritland and Jain 1981) and the correlation of outcrossed paternity (the probability that siblings shared the same father, r p ) according to the sibling-pair model (Ritland 1989) . The most likely parent was used in the procedure. The inbreeding coefficient of maternal parents (F m ) was also calculated. Standard deviations (SDs) of estimates including t m , t s , t m -t s , r p and F were computed based on 1 000 bootstrap replications with resampling among families. One-way analysis of variance (ANOVA) was performed using SPSS version 16.0 to examine the differences in t m between Figure 1 : relationships between total visitation rate (the mean number of pollinator visits per flower per 30 min) of the two principal pollinators (6SD) and (a) light intensity, (b) temperature, (c) relative humidity, (d) altitude and (e) population size (the values of r s and P are shown for significant or marginally significant spearman correlations). Insects seldom visited population C during the pollination observations and data for this population were not included in the statistical analyses; consequently, here are seven populations.
populations. The relationships between the mating system parameters and population size and other ecological factors, such as pollinator visitation frequency and altitude, were analysed by bivariate correlations. Multilocus outcrossing rates of tourist sites and undisturbed sites were compared using the Mann-Whitney U test. No variables required transformation.
RESULTS
Flower visitation
The mean numbers of visits per flower per 30 min for the two principal flower visitors, B. pyrosoma and E. tenax, were 0.056 6 0.036 (mean 6 SD) and 0.113 6 0.076, respectively, and neither of these values were correlated with weather factors, altitude or population size. However, the total visitation rates of the two principal pollinators were significantly correlated with the mean light intensity (r s = 0.786, P = 0.036, n = 7; Fig. 1a) . The relationship between total visitation rate and mean temperature was marginally significant (r s = 0.750, P = 0.052, n = 7; Fig. 1b ). There was no significant relationship between visitation rate and relative humidity (r s = 0.571, P = 0.180, n = 7; Fig. 1c ) and between visitation rate and altitude (r s = 0.000, P > 0.5, n = 7; Fig. 1d ), possibly because of the narrow altitude range (only 210 m). No connection between visitation rate and population size exists in the tourist sites (Fig. 1e) , but in the undisturbed sites, visitation rate was affected by the population size (r s = 0.951, P = 0.049, n = 4).
Number of inflorescences also significantly and positively affected pollinator visits (P < 0.001, degrees of freedom (df) = 62; Fig. 2a) . Nevertheless, the number of visits per flower per 30 min did not differ significantly among the varied display sizes (P = 0.625, df = 62; Fig. 2b ).
The weather factors were all similar on both slopes in general during the pollination observations (P > 0.1). No significant difference in visitation rates existed between the tourist sites and undisturbed sites (P > 0.5).
During the flower visitor observations, insects seldom visited population C, and consequently data for this population were not included in the statistical analyses.
Self-compatibility tests
Stigmas were receptive throughout the four floral phases, even in the budding period (6.90%); in that phase, anthers were not dehiscent, so the pollen was non-viable (Fig. 3) . The highest vitality of both stigmas and pollen was in the mid-dehiscence period, when the hand pollinations were performed. The growth rates of pollen tubes from self-and cross-pollinations were roughly the same (Fig. 4) . Growth of self-pollen tubes (Fig. 5a ) was not delayed in the style, and they grew into ovules within 12 h as outcross pollen tubes (Fig. 5b) .
Mating system parameters
The four polymorphic allozyme loci analysed often showed high levels of variation, with three to five alleles per locus in a population. As shown in Table 2 , populations were predominantly outcrossing, with significantly varied multilocus outcrossing rates (t m ) (ANOVA; df = 7, 8000; F = 2006; P < 0.001) (except between populations D and E and between : stigma receptivity and pollen stainability in the four floral phases (6SD). The four floral phases were divided according to anther dehiscence degree: budding time (petals were closed), early dehiscence (<50% of the anthers were dehisced), mid-dehiscence (all anthers dehisced) and post-dehiscence (all pollen had dispersed and the anther color had changed to black or brown).
populations B and H) ranging from 0.589 6 0.078 (mean 6 SD) to 0.846 6 0.077. The multilocus outcrossing rate was strongly related to population size (r s = 0.929, P = 0.003, n = 8) (Fig. 6a) but not altitude (Fig. 6b) . There was no apparent connection between t m and the visitation rates in the tourist sites (Fig. 6c) , but in the undisturbed sites, t m was evidently affected by the total visitation rate of the two pollinators (r s = 0.953, P = 0.047, n = 4). No statistically significant difference was found between the tourist zone and undisturbed area in t m (P > 0.5).
Genetic substructure may exist, leading to some degree of biparental inbreeding. This inbreeding was detected by the difference between multilocus (t m ) and single-locus (t s ) selfing rates (Ritland and Jain 1981) . A difference between t m and t s existed in all populations, ranging from 0.003 6 0.018 (mean 6 SD) to 0.124 6 0.018; though there was no significant relationship between population size and biparental inbreeding, the highest level of biparental inbreeding was found in the smallest population (C) and larger populations usually had lower levels of biparental inbreeding.
The correlations of outcrossed paternity (r p ) were moderately high in all populations. It was not highly responsive to population size, but the lowest r p values were found in the two largest populations (F and H), and the highest value was observed in the smallest population (C). The 'paternal mating pool' (neighborhood size), i.e., the number of males that could provide pollen around a receptive female, was calculated as the inverse of r p (Ritland 1989) . In larger populations, siblings have more opportunities to have different fathers with a larger neighborhood size.
An estimate of inbreeding depression was obtained indirectly from the electrophoresis data. It was calculated based on the inbreeding coefficient of parents and offspring and the selfing rate of a population, assuming that the population under study maintains an equilibrium F in each adult generation (Ritland 1990 ). The inbreeding coefficients of maternal parents (F; Table 2) were zero in populations overall, which meant that d = 1, i.e. inbreeding depression was probably strong.
DISCUSSION
According to the results of allozyme analysis and the selfcompatibility tests, R. dumulosa has a mixed mating system: it is self-compatible and primarily outbreeding, with the multilocus outcrossing rate (t m ) ranging from 0.589 6 0.078 (6SD) to 0.846 6 0.077 and intense inbreeding depression exists in all eight populations. The mating system of a self-compatible plant species may be vulnerable to a variety of environmental factors that influence pollen transport (Eckert and Barrett 1994) . In our study, light intensity and temperature strongly affected the pollination biology, and the visitation rate of pollinators and population size to a large extent influenced themating system parameters of R. dumulosa, especially the outcrossing rate.
Effects of weather factors, population size and floral display size on pollination biology
The flight activity of pollinators increases with temperature and is positively related to light intensity, and these two weather factors are usually the most important predictors of visitation (McCall and Primack 1992) . In our study, the same situation was observed as pollinator visitation rates were greatly affected by light intensity and temperature. Lower visitation rates are the result of a direct effect of low temperature and light intensity on insect physiology and behavior (Kelber et al. 2006) .
Population size is another influential variable for pollinators. Larger populations are likely to be much more attractive to pollinators, and as a consequence, there should be more pollinators present in larger populations (Agren 1996) . In our study, larger populations usually had higher levels of visitation in the undisturbed sites. The failure to detect a relationship between visitation rate and population size in the tourist sites was probably associated with anthropogenic disturbance and the short duration of observations in each population.
Number of flowers per plant may determine the attractiveness of an individual plant to pollinators (Mitchell et al. 2004) . Our results showed that pollinators were more attracted by larger displays; however, the visitation rate to larger displays was not significantly different from that to smaller ones. As floral display size increased, more pollinator flights took place between flowers on a single plant, enhancing the opportunity for geitonogamous self-fertilization with two potential mating costs through pollen discounting and inbreeding depression in self-compatible species (Harder and Barrett 1995) . With a large display of flowers blooming simultaneously, possessing no obvious floral mechanisms for delaying self-pollination, and with the long duration of pollinators' stay on the displays, R. dumulosa probably experiences geitonogamous selfing.
Effect of population size on mating system parameters and inbreeding depression Ecological factors that affect pollination ultimately influence the mating pattern of a mixed-mating species (Franceschinelli and Bawa 2000) . The mating system parameters of R. dumulosa were dynamic, depending on several ecological factors. The outcrossing rate was strongly influenced by population size, which is likely to have stemmed from the differences in patterns of pollinator movement in populations of different sizes. Moreover, population size represents the number of available mates around an individual plant, influencing the size of the pollen pool of both self-compatible and incompatible species (Routley et al. 1999) . Receipt of pollen from intraplant flowers was independent of population size, whereas the amount of pollen from other conspecific plants received by a single maternal plant decreased as the number of potential pollen donors declined (Zhang and Jiang 2001) , leading to higher rates of inbreeding and selfing in smaller populations. Correlation of outcrossed paternity (r p ), another mating system parameter, was not correlated with population size; however, the data implied a trend from lower r p in larger populations to significantly higher r p in smaller ones. Larger populations contain more potential paternal parents, whereas in smaller populations, siblings of a maternal parent have a better chance of sharing the same paternal parent. Similar to r p , larger populations usually had lower levels of biparental inbreeding relative to smaller populations due to the existence of more unrelated mates.
Rhodiola dumulosa seems to suffer from strong inbreeding depression in the studied populations. The inbreeding coefficient of maternal parents (F) was zero overall, indicating that these populations may consist totally of reproductively mature plants from outbreeding instead of a mixture of self-and cross-fertilization progenies. Self-fertilization could maintain high genetic loads to reduce the harmful effects of inbreeding, and with high genetic loads, selection against inbreeding progeny occurs late in the life cycle of plant species (Eckert and Barrett 1994) . Rhodiola dumulosa was presumably in the same situation, expressing the majority of inbreeding depression late in the life cycle. Further investigations are needed to ascertain the specific phases in which this takes place.
Relationship between pollinator visitation rate and outcrossing rate
Outcrossing rate was distinctly responsive to the total visitation frequency of the two pollinators in the undisturbed sites but not correlated with the respective visitation rates of the two pollinator species, indicating that the total visitation rate determined the population outcrossing rate. No relationship between total visitation frequency and outcrossing rate was obvious in the tourist sites, with complicated anthropogenic disturbance being a possible reason. At the highest elevation, the pollination levels and outcrossing rate remarkably increased on both slopes. Though the rise could be caused by the large sizes of these two populations, the visitation rates were even higher than those for the populations of almost the same size at lower altitudes. There are two plausible explanations for these findings. First, populations located in open fields, like those near the peak, received more frequent visits than those at lower altitudes that could be shaded by other vegetation due to the effect of light intensity on pollinators. Second, due to tourism, horses and cattle were grazed even at the highest elevation of the undisturbed area and resulted in an increase in amounts of excrement, further contributing indirectly to the elevated visitation rate. The differences in pollinator visitation rates and t m between the tourist sites and undisturbed sites were not significant, indicating that the habitat disturbance to R. dumulosa because of tourism on Dongling Mountain is not intense. Alternatively, larger numbers of insect flower visitors in the tourist sites because of the grazing of horses and cattle mentioned above might have modified the negative effects of artificial habitat disturbance on pollination and the mating system. Although outcrossing rates and the mating system were not significantly different between the tourist sites and undisturbed sites, tourism development may increase the extent of habitat disturbance and exacerbate habitat loss and fragmentation. Reduced outcrossing estimates as a result of habitat disturbance are reported in some species (Ward et al. 2005) and attributed primarily to loss of pollinators or changes in pollinator behavior concomitant to the loss of many associated plant species important for the maintenance of pollinator populations (Coates and Hamley 1999) . Population C, e.g., was located in the tourist zone, with only 45 individuals in total and few pollinators based on the flower visitor observations. Consequently, it showed almost the lowest outcrossing rates and the highest t m À t s and r p .
Due to strong inbreeding depression, selfing and inbreeding in R. dumulosa are mostly non-adaptive and small populations are unfavorable for the persistence of this species for exacerbating the disadvantage. According to these results, it is important to maintain large populations and the suitable ecological conditions for pollinators of R. dumulosa to facilitate outcrossing.
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